The collapse or merging of individual plumes of direct-injection gasoline injectors is of fundamental importance to engine performance because of its impact on fuel-air mixing. However, the mechanisms of spray collapse are not fully understood and are difficult to predict. The purpose of this work is to study the aerodynamics in the inter-spray region, which can potentially lead to plume collapse. High-speed (100 kHz) particle image velocimetry is applied along a plane between plumes to observe the full temporal evolution of plume interaction and potential collapse, resolved for individual injection events. Supporting information along a line of sight is obtained using simultaneous diffused back illumination and Mie-scatter techniques. Experiments are performed under simulated engine conditions using a symmetric eight-hole injector in a high-temperature, high-pressure vessel at the ''Spray G'' operating conditions of the engine combustion network. Indicators of plume interaction and collapse include changes in counter-flow recirculation of ambient gas toward the injector along the axis of the injector or in the inter-plume region between plumes. The effect of ambient temperature and gas density on the inter-plume aerodynamics and the subsequent plume collapse are assessed. Increasing ambient temperature or density, with enhanced vaporization and momentum exchange, accelerates the plume interaction. Plume direction progressively shifts toward the injector axis with time, demonstrating that the plume interaction and collapse are inherently transient.
Introduction
Environmental, financial, and legislative reasons mandate the design of lower emission, higher efficiency engines. Direct-injected (DI) gasoline engines, where the fuel spray is injected directly into the cylinder, have demonstrated a lower brake-specific fuel consumption (BSFC) over port-fuel-injected (PFI) engines. In a DI engine, vaporization cooling permits operation with higher compression ratio, thereby increasing thermal efficiency. DI fueling also offers control advantages compared to PFI engines. Indeed, DI has been shown to produce less cold-start unburnt hydrocarbons (UHCs) compared to PFI. 1 In addition to stoichiometric combustion, DI injection offers the potential for more efficient lean-burn operation. This could occur either as a stratified, spark-ignited mixture or as gasoline compression ignition where stratification and direct injection are needed to control the combustion phasing, thus allowing for leaner combustion and lower operating BSFC values.
On the other hand, DI engines have new challenges, including the need to control fuel delivery over a wide range of operating conditions where the charge gas varies significantly in terms of pressure, temperature, and velocity. Piston or cylinder wall impingement, as well as fuel-rich delivery in bulk of the charge gas, can create problematic soot and UHC emissions. Fuel films remaining on the injector itself, which are directly exposed to combustion (unlike PFI), create similar emission concerns. Overcoming these obstacles, thereby enabling the design of low-emission, fuel-efficient engines, requires a detailed understanding of fuel spray mixing and subsequent combustion phenomena.
Probing within an evaporating fuel spray, as well as the surrounding air flow field, at relevant engine conditions is easiest when using a single-plume spray, and the most complete data for velocity field and mixing have been reported for single-plume sprays for both reacting and non-reacting conditions. [2] [3] [4] [5] [6] [7] Measurements of the ambient gas velocity outside of the single plume show relatively low velocity magnitudes compared to that within the plume, with ambient gas velocity vectors generally aligned perpendicular to the plume axis. [3] [4] [5] Derived from the entrainment rate, scaling laws have been developed for the penetration, mixing, and spreading angle for single jets. [8] [9] [10] [11] The scaling laws include effects of ambient conditions as well as injection conditions on the spray development and evaporation. For example, research shows that as the ambient temperature increases, the liquid-phase cone angle and penetration length decrease. 6, 8 For multi-plume injectors, there is less understanding and the spray behavior often departs from that of isolated fuel jets. The interaction between plumes, beginning even inside the injector, can create very different fuel delivery and flow field compared to single jets. For example, in diesel sprays, researcher shows that as the separation between plumes decreases, a stronger air velocity field is established with the air flow acquiring an upstream motion toward the injector 4, 5, 12 rather than a perpendicular flow as is the case with single jets. The aerodynamics suggest that low-pressure zones form and intensify between plumes, which can eventually lead to an interaction and merging between plumes. Indeed, with diesel-injector holes that are very tightly spaced, that is, group-hole, or clustered nozzles, an immediate merging between the developing plumes is often observed. 13, 14 Compared to the typical diesel injectors cited above, gasoline multi-hole DI systems are generally designed with both a tighter spacing between holes and a smaller hole drill angle relative to the injector axis. For example, with eight-hole nozzles, typical diesel injectors may have a hole drill angle of approximately 75°, compared to only 35°for gasoline injectors. The smaller drill angle means that gasoline DI plumes are more likely to interact with their immediate neighbors as well as with all of the plumes collectively. The close proximity between plumes creates experimental challenges for understanding the conditions between plumes-for example, gas-phase velocity measurements like that performed between plumes for the diesel nozzles cited above are difficult to perform and do not appear in the literature.
Since the multi-plume gasoline direct-injection (GDI) system is complex and prone to plume interaction, a number of studies have focused on quantifying the tendency for neighboring-plume interaction or spray collapse, where all of the plumes appear to merge together. Performing Mie-scatter and Schlieren visualization to characterize spray macroscopic features, Parrish et al. 15 showed that complete spray collapse occurs at increased ambient pressure or at decreased (sub-atmospheric) pressures with fuel temperatures typical of a warmed-up engine such that flash boiling occurs. These trends have been confirmed by a number of researchers. [16] [17] [18] [19] [20] [21] More detailed and spatially resolved measurements have also been performed, seeking to understand the underlying physical mechanism of plume interaction and collapse, and to provide guidance for improvement in CFD models. Measurements performed by laserinduced fluorescence (LIF) 19 and Rayleigh scattering 20 after the end of injection provide quantitative planar mixing data pertaining to the degree of plume interaction for eight-hole GDI systems. As ambient gas temperature and density increase, corresponding to later injection timings during compression, the plumes clearly merge together earlier after the start of injection eventually producing planar mixture cross-sections that look as if there is only one jet. At lower ambient densities and temperatures (but with densities/pressures that are too high for flash boiling), the mixing measurements taken after the end of injection show separated jet plumes in downstream regions but collapsed/merged plumes in upstream regions along the central axis of the injector. The mixing data suggest that plume interaction depends upon the time relative to the start of injection, or to changes in jet mixing that occur at the end of injection. However, these mixing measurements are limited in scope because they were performed only after the end of injection to avoid problematic liquid scatter interference, 19, 20 and therefore, they do not adequately describe the plume interaction processes during injection. A combination of line-of-sight diagnostics from multiple angles has been applied to identify the plume direction during injection, 22 demonstrating that the angle between the plumes does decrease during injection, preceding an entire spray collapse at the end of injection.
Other researchers have created simplified experiments that emphasize plume interaction fundamentals and transients, while offering more forthright diagnostic possibilities during injection. Heldmann et al. 23 used two separate single-plume GDI systems orientated at different spacing and angles, while performing shadowgraphy, LIF, and phase Doppler interferometry (PDI) at various conditions. They identified critical timings after the start of injection for plume merge, as well as dependencies upon ambient gas and fuel injector conditions noted above. The dataset forms a baseline for expectations with only two isolated fuel jets, but it does not perfectly represent the situation of a multi-hole injector as the two plumes are missing the interaction of their third and fourth neighbors.
Velocity characterization within realistic multi-hole GDI systems adds additional insight into the processes affecting plume interaction and spray collapse. For example, gas-phase velocity measurements enabled by seeding the engine air flow and performing particle image velocimetry (PIV) have shown that the engine air flow affects the tendency of spray collapse. Engine swirl enhances the tendency for plume collapse with subsequent consequences on engine emissions from a poorly mixed central fuel-rich core. 24 While helpful in understanding macroscopic flow effects that ultimately affect spray collapse, these macroscopic velocities, outside of the spray itself, have yet to identify velocity fields that affect plume-plume interaction itself. PIV measurements obtained using simultaneous Mie-scatter and LIF tracers in GDI sprays depict a central plume collapse as fuel temperature is increased to induce flash boiling, 21 but the measurements do not include variation in charge-gas conditions. Therefore, further investigation of the inter-plume aerodynamics (and the effect of charge-gas conditions and injection duration on them) is required.
Summarizing the review of work to date in this area, it is evident that the quantitative mixing or velocity data are limited to stages after the end of injection, and there are limited data reported for the initial times during injection, when the mechanisms that lead to collapse of plumes take place. Also, more measurements in the region between the plumes, as close as possible to the injector tip, are needed for the better understanding of the plume collapse phenomenon. Finally, tracking of the aerodynamics throughout the progression of single injection events will give better insight on the phenomenon.
In this article, a high-speed (100 kHz) PIV diagnostic is applied between plumes of an eight-hole injector for various operating conditions and injection durations in a high-temperature, high-pressure chamber. The injector and experimental conditions span those recommended by the engine combustion network (ECN), 7 where many macroscopic properties for the spray, as well as internal injector-geometry and rate of injection characterization, have already been performed. Integrated with this existing dataset, the velocity characterization offers a new understanding and CFD model validation data suitable to understand the mechanics of plume interaction and spray collapse.
Experimental setup
This section describes the constant-volume chamber, injection system, seeder mechanism, and the optical setup used at Sandia National Laboratories for this work.
Constant-volume chamber
Experiments were conducted in an optically accessible, high-pressure, constant-volume combustion vessel. The vessel is nearly cubical with optical access ports of 108 mm on each side of the spray. Prior to an injection event, the temperature of the vessel was maintained at 461 K by electric heaters, while the injector port is cooled to 363 K. The vessel was filled with a mixture of acetylene, hydrogen, oxygen, and nitrogen, but unlike the typical composition described in Siebers, 8 in this work, the flammable mixture was initially depleted of some nitrogen. Following the filling of the vessel with the nitrogen-depleted flammable mixture, the missing nitrogen was added to the vessel through a different port, after passing through a high-pressure, magnetically stirred seeder that adds zirconia particles (described later). The particles quickly homogenized in the vessel and a mixture at the original flammable-gas concentrations to produce 0% ambient oxygen after the spark-ignited pre-burn event was prepared. This strategy of adding the particle-laden nitrogen just before spark ignition was implemented to reduce the time available for particles to deposit on the vessel walls and windows.
The pressure and temperature in the vessel increased during the premixed combustion but the inert particles persisted after combustion. The spray event took place in the seeded environment, when the desired ambient thermodynamic conditions (temperature and density) were achieved after a cool-down period. The ambient conditions at the time of injection for this study are given in Table 1 . To reduce thermal gradients, throughout the period of the experiment, a stirrer fan was recirculating gases from the center to the walls and back. A detailed description of the vessel and its operation can be found in Siebers 8 with additional information available on the ECN 7 website.
Seeding
A custom-built high-pressure particle seeder, equipped with a magnetically coupled rotating stirrer, seeds 1 mm zirconia particles into the vessel. As described earlier, the vessel was initially filled with a combustible mixture, followed by a controlled amount of nitrogen driven through the seeder. Both the pressure upstream of the seeder and the time of the nitrogen flow were controlled, so that the final mixture was repeatedly consistent in composition and seeding density. The speed of the stirrer motor was controlled by a precision power supply and adjusted to compensate for the reduction of particles in the seeder as the experiments progressed. The design of the seeder follows that detailed in Malbec and Bruneaux (Figure 1 ). 5 To avoid agglomeration of the particles, the particles were dried in a furnace at 200°C prior to loading into the seeder. Stainless steel tubes were used throughout the seeding system, to handle the high-pressure but to also dissipate potential static electricity on the particles.
Injection system
Experiments were performed using the ECN Spray G (serial number AV67-028) and companion injector driver. The injector has eight holes, each with a drill angle of 37°relative to the injector axis. Further details of the geometry and measured needle lift are given in ECN. 7 Iso-octane pure fuel was pressurized to 20 MPa using a Teledyne D-Series 1000D syringe pump. Installed inside the heated vessel, the injector was cooled using a controlled water jacket to 363 K, as verified by temperature measurements of the body and tip of the injector. Figure 2 shows the temporal evolution of the injected mass flow rate. 7 The rate of injection decreases from a relatively steady value of 14 g/s to closing in the last 90 ms injection. With these operating conditions and a chamber pressure of 0.6 MPa, an electronic injection duration of 680 ms corresponds to approximately 10 mg of injected fuel and a hydraulic injection duration of 780 ms. The delay time between the rising edge of electronic injection and the initiation of flow through the nozzle was measured to be 290 ms. The rate of injection data shows that flow reduction by the moving needle, which could relocate the direction of the fuel spray vena contracta within the nozzle hole and potentially contribute to different plume interactions, occurs in periods of about 50-100 ms at the beginning or end of injection.
The injector was oriented as shown in Figure 3 . The dimple and the electrical connector are aligned to plume 1 and the rest of the plumes are numbered sequentially, clockwise from a viewing angle opposite to the injector. More detail on the Spray G plume orientation, numbering, and geometry standards can be found on the ECN website. 7 The laser sheet was directed between the plume centers to avoid strong scatter from liquid droplets, which can interfere with the seeded gas-phase PIV measurements. The viewing plane was located close to the tip in a difficult diagnostic location with very high-velocity gradients and droplet interference potential, as will be discussed later, but these experimental difficulties were deemed necessary in order to understand sources of plume interaction that occur in these upstream regions.
Optical technique

PIV optical setup
A pulse-burst laser, capable of emitting 500 pulse pairs of pulses at a frequency of 100 kHz, was used to illuminate the particles. The laser was custom-built at Sandia National Laboratories using multiple cavities and amplifiers. The laser can deliver at least 30 mJ/pulse at 532 nm, but in practice, much lower energies (;1 mJ) were required for particle-scatter imaging. The laser timing was adjusted such that the laser pulse pairs were separated by 2.5 ms (with 10 ms period repetition). The beam was formed into a sheet approximately 20 mm wide for planar imaging but smaller imaging regions of interest were applied in this study. The laser sheet was passed through the vessel via a pair of fused silica window slits, which served to limit scatter compared to a full window port. A Photron SA-X2 high-speed complementary metaloxide semiconductor (CMOS) camera was used to collect the particle signal. The frame rate was externally set to 200 kHz with a 3.98 ms exposure and 256 3 152 pixel resolution. Processing the 2.5 ms spaced data was possible, but not needed in practice for the range of velocities encountered. Instead, the images from the two cavities were processed separately to produce the velocity vector field, but ensemble-averaged together for the average characteristics of the flow. The closely spaced measurements in time permit application of new algorithms for PIV processing and temporal observation of development of turbulent structures as will be described.
A Nikon 200 mm lens with f/5.6 setting was mounted on the camera. PIV signals were too strong at this lens setting, but reducing the lens f-stop (which usually is a recommended practice to reduce intensity and increase depth of field) was found to increase problematic beam-steering effects in the vaporizing jet. On the other hand, reducing the laser intensity too far away from design settings was also not preferred because of adverse effects on beam energy distribution. Therefore, a 0.3 neutral density filter and a 532-nm (10 nm fullwidth at half-maximum (FWHM)) band pass filter were mounted on the lens to reduce intensity and collect the PIV signal with suitable camera dynamic range. Note that the image dynamic range settings also included the need to account for strong scatter from liquid droplets as well as that of the PIV seed. Figure 4 shows a scaled illustration of the two PIV viewing areas observed for this study with a raw image shown during the time of injection at 700 ms after start of hydraulic injection (ASI). The plane of view is located in a very harsh environment with high gradients. The solid green rectangle represents the central field of view, which is viewing the central region in between the plumes, and the dashed green rectangle represents the offset plane of view, which is viewing the area between neighboring plumes. The solid blue and red lines represent the plume direction on a projection orthogonal to the PIV plane as observed for the typical Spray G conditions, while the dashed blue and red lines estimate the plume edges. The red lines correspond to the outer plumes, while the blue lines correspond to projections of the inner plumes. The first number corresponds to the plume closer to the camera and the second number to the plume away from the camera. Plumes 1, 2, 7, and 8 are located closer to the reader, as also shown in Figure 3 . While the planar imaging region is located in the center of the inter-plume area, the position of neighboring out-of-plane plumes is of interest because of potential interference to the planar measurement. In addition, plumes may merge together and droplets may be present in the measurement plane. Knowing the orientation of the plumes is therefore useful for understanding the origin of out-of-plane interference sources that could affect the measurement.
PIV image processing
Images obtained during injection may show regions of higher intensity like that shown in the upper left and right of the central image in Figure 4 (or in the two middle frames of Figure 6 ). These zones are characterized by blurry structures of more uniform intensity that appear out of focus, compared to distinct particles that are in focus. Although the scattered intensity in these out-of-focus plumes is substantial, liquid droplets that are illuminated and imaged on the measurement plane tend to have much brighter intensity, even saturating the detector. For example, some liquid is directly illuminated between plumes 6 and 7, where the offset view of Figure 4 shows this bright saturated intensity at 700 ms ASI. However, the majority of the spatial locations and timings did not have direct spray droplet illumination, as based upon knowledge of both the seeding density and scatter intensity of purely zirconia seed particles prior to injection of liquid. For example, highspeed movies that include these same instantaneous images indicated in Figure 4 are available to download and view. 25 These movies convincingly show that while the blurry, out-of-plane scatter moves downstream away from the injector, as expected for the penetrating spray droplets, the particles that are in the measurement plane move upstream in the opposite direction. This observation is a confirmation that the majority of the liquid scatter that might interfere with the measurement is from sources not in the PIV measurement plane. Light scatter from vessel walls and the directly illuminated liquid act to illuminate the out-of-plane liquid. Fortunately, this out-of-plane liquid scatter, which will be referred to simply as ''mist,'' can be removed to process PIV scatter on the actual measurement plane. PIV processing is also possible in some cases when there is direct scatter from zirconia seed, as well as liquid droplets, provided that the number of liquid droplets is small.
The acquired PIV images were processed using DaVis software from LaVision 26 after pre-processing the images to remove effects of the mist. Described briefly, the pre-processing routine used a proper orthogonal decomposition (POD) analysis to create instantaneous ''background'' images that included the mist. The background was then subsequently removed from the raw images before PIV processing, retaining the particles in the measurement plane. Verification by particle tracking analysis confirmed that the subsequent PIV processing steps accurately captured the particle movement, rather than that of the mist. Note that no mist correction is needed before plume arrival and for the majority of time after the end of injection, and some areas are less obscured by the mist during injection (e.g. the centerline) and require little correction.
The robustness of the particle velocity calculation was also enhanced significantly by use of temporally coupled images available because of the high-speed imaging. This high-speed data became essential for the successful treatment of velocity during stages of injection with interference from mist, as described below. A cross correlation without zero-padding was preferred due to computational speed and weighting to smaller displacement, as appropriate for the velocities in this work. More specifically, the correlation function was calculated as
where I 1 and I 2 are the intensities of the first and second interrogation window, respectively, and n is the size of the interrogation window. The operations performed on I 1 and I 2 include complex 2D-FFT, multiplication, complex conjugation, and inverse FFT. 26, 27 A multi-pass technique was used, where the initial pass had an interrogation window of 32 3 32 pixels with 50% overlap and the final three passes had an interrogation window of 16 3 16 pixels with 75% overlap. The correlation values were then summed in the time domain using a moving average Gaussian profile weighting that extended 63 frames. This technique is known as sliding sum of correlations. By applying weighting with other data available in time, rogue/ incorrect velocity calculations are avoided at any instant and spatial location. 26 This capability proved especially important in regions compromised by mist or beam-steering influences discussed above.
Velocities are computed for individual injection events performed at the same conditions, and from these measurements, ensemble-average and other statistics are obtained. The uncertainty in the ensembleaverage was calculated from the statistics of the sample using the equation
where N is the number of injections at specific ambient conditions, V z the average axial velocity from different injection events at a specific time and s the corresponding standard deviation. 28 The term on the left represents the bias errors for the PIV setup, pixel size, and processing choices. The bias error relationship was determined by subjecting synthetic PIV images at known velocities to the particular processing algorithm described above, similar to the approach used in Zha et al. 29 The term on the right represents the 95% confidence interval for the average value, which depends upon the variance at a given position and timing as well as the number of repeats. Table 1 shows that the number of repeated injections is not the same for each condition, affecting the ensemble-average uncertainty. Results will be presented considering/displaying the uncertainties to establish if trends for various operating conditions are statistically significant.
Diffused back illumination and Mie scattering optical setup and processing
The optical setup to visualize plume liquid penetration from multiple perspectives is shown in Figure 5 . High-speed diffused back illumination (DBI) and Mie-scatter imaging experiments were performed to understand the spray macroscopic features as a fundamental baseline for the interpretation of the planar PIV measurements (performed during separate injections). The DBI experiment consists of a custom-designed, high-emitter LED, emitting at 635 nm (15 nm FWHM) at 100 kHz in 500-ns light pulses. The LED light was collected and passed through a series of diffusers to produce largeangle diffused illumination that proves to be more tolerant to beam-steering formed by large gradients in temperature in the evaporating spray. A Photron SA-X2 high-speed CMOS camera was used to collect the light that passed through the 628 nm with 32 nm FWHM band pass filter. The camera was equipped with a 58 mm f/8 Nikon lens and a 26 mm extension ring, resulting in a projected pixel size of 63.9 mm/pixel. The transmitted DBI intensity was processed quantitatively for liquid extinction along the path of the rays following the equation: I=I o = t, where I o , I, and t are the initial and propagated light intensity and transmittance, respectively.
For Mie-scatter measurements obtained head-on to the spray, a Phantom v7.1 CMOS camera equipped with a 200 mm f/4 lens was used. At the frame rate of 10 kHz and 96 ms exposure, the spatial resolution was 80 3 80 pixels with projected pixel size of 114.3 mm/ pixel. For more uniform illumination of the spray, two broadband LEDs were continuously operated to illuminate the spray from the bottom and viewing windows, as shown in Figure 5 . These broadband LEDs had no contribution to the DBI measurement because of the band pass filter, the shorter camera exposure, and the stronger, monochrome lighting used in the DBI system.
Results
The first two sections of results focus on the temporal and spatial evolution of the velocity, mixing, and vaporization fields at the standard Spray G conditions. With an established baseline operating condition, results for different ambient temperature and ambient densities are then discussed.
Temporal evolution of the injection event
This section provides a classification of the multi-plume dynamics during different periods of injection for the standard Spray G conditions (3.5 kg/m 3 , ;6 bar, 573 K). A demonstration of the instantaneous images acquired with the aforementioned experimental setups is shown in Figure 6 . The images of the left column were acquired with DBI where the backlighting is the same direction of the laser sheet shown in Figure 3 . The dashed blue lines represent the projected nozzle drill angle for the orientation of each plume, while the solid blue lines are the measured plume direction angle, as explained below. The green box shows the PIV plane of view, which has been rotated 90°from the actual laser sheet orientation to show the extent of the PIV field with respect to the other plumes along a projection. The images of the right column were taken by the Mie scattering setup from the head-on orientation of the spray. The DBI and Mie-scatter images were acquired simultaneously and correspond to a single injection event. In the middle column of Figure 6 , raw PIV images are overlaid with instantaneous velocity vectors obtained using the processing described in the last section. The vector length and color of the vectors correspond to the velocity magnitude. Understanding each of the selected images is assisted by viewing the neighboring columns. The entire PIV, DBI, and Miescatter movies of the same event are available. 25 The different phases of the injection, based upon the measured inter-plume velocity, will be described in the next subsections. For reference, Figure 7 presents the ensemble-averaged axial ambient gas velocity on the centerline at the 15 mm plane as a function of time ASI. Together with the structure shown in the instantaneous images of Figure 6 , the aerodynamic phases during injection are described. These periods of flow classification will vary for different ambient densities and temperatures, but apply generally for multi-hole gasoline injectors.
Pre plume-projection arrival period. Starting at the very top of Figure 6 , gases within the vessel are relatively static initially. Indeed, in the PIV measurement plane, some velocity vectors appear to be missing, but in actuality a tiny blue dot is found, showing that the velocity at these points is simply low or stagnant, near 0 m/s.
With the liquid fuel spray far upstream of the PIV measurement position, the gas velocity downstream already begins to respond to the momentum exchange and pressure field created by injection. On the top row of Figure 6 , taken at 100 ms ASI, the particles at the top of the PIV image at 13 mm have started moving toward the injector, while the particles at the bottom at 19 mm are still stagnant and the liquid spray has yet to reach 8 mm. The ability to capture fast-moving events, like the acceleration of the ambient gas, is enabled by the high frequency (100 kHz) of the laser used in this work. The high-speed movies available online 25 especially highlight these events. The direction of the gas movement is mainly vertical, showing that the spray is beginning to establish a suction that pulls ambient gas up toward the injector tip, establishing a central recirculation zone between the plumes. The air motion for single, isolated plumes tends to be an entrainment velocity toward the center of the emerging plume. 10 However, the accumulative ambient gas entrainment of the eight individual plumes of this gasoline spray appears to create a gas flow consistent with the central recirculation zone in hollow-cone gasoline sprays.
As time ASI increases, the upstream-directed velocity of the gas toward the injector continues to increase prior to the arrival of the plumes, with higher velocities maintained closer to the injector. For reference, Figure 7 shows that velocities at the centerline 15-mm position increase from 0 to 3 m/s prior to the time of fuel spray arrival at 150 ms. While a strong central recirculation zone is established, the head-on Mie image on the right column indicates separation between plumes near the injector tip, allowing a pathway for air motion upstream.
Time of plume-projection arrival on the PIV plane. The penetrating plumes arrive at the upper axial limit of the PIV measurement before 200 ms ASI. The 1-4 and 8-5 plume pairs overlap the top of the PIV region of interest along a projection. Recall that the actual PIV laser sheet is rotated 90°compared to the green box given in the DBI images. Strong line of sight extinction from liquid is found in the DBI image, while a faint out-ofplane ''mist'' from these plumes is visible in the PIV image. The head-on Mie-scatter image shows that plume separation is maintained at 200 ms ASI. With plumes now present nearby the PIV plane, a strong recirculation zone is established, and as mentioned above, a wide range of velocities exists within the PIV plane with stronger velocities upstream.
For a given charge-gas condition, the time of spray penetration to the measurement location will affect the velocity between plumes. Previous work has shown that the penetration slows with increased ambient density, but even at the high-density 9 kg/m 3 conditions, the axial penetration reaches 13.5 mm before 300 ms ASI. 17 At all the operating conditions given in Table 1 , an upward motion begins to be established even before the tip of the penetrating plumes reaches the area of interest.
Profile relaxation period. Quickly after the arrival of the plume projection on the viewing area, the velocity profile becomes more homogeneous with respect to axial position. Ambient gas is entrained upward in the inter-plume area from the bottom left, right, and center of the imaged region. Recirculation velocities continue to increase until reaching a plateau as shown in Figure 7 . For Spray G conditions, this period of velocity increases and relaxation to a steady value ends at approximately 380 ms. However, increases in ambient temperature drastically reduce the length of this period, as will be shown later. Head-on Mie-scatter images show that the plumes remain separate from one another up until 400 ms, but the spacing between plumes narrows. For example, the gap between plumes 2 and 3 clearly narrows when comparing the sequence from 100 to 400 ms. A narrowing gap between plumes can be caused by either an increase in plume cone angle or a decrease in the plume direction angle relative to the injector axis. Considering the geometry of the spray from Figure 3 , if the plume direction decreases from the hole drill angle (37°), the plumes' edges are closer to each other.
When possible, the DBI liquid extinction images were processed to provide a measurement of the plume direction as a function of time. The extinction profiles were analyzed at the 15-mm position when the plume pairs were clearly separate from each other. The plume center on a line-of-sight projection is identified from the ensemble-average at each timing by finding a minimum transmission position for the plume pair. The average measured plume direction (for all plumes) is indicated by a solid blue line on the DBI images. Comparing to the dashed line representing the hole drill angle along a projection, it is clear that the plume direction narrows significantly as a function of time. For example, the measured plume direction decreases to 31°at 400 ms, which is significantly smaller than the hole drill angle. Direct measurements of plume direction derived from liquid extinction therefore support the hypothesis that a narrowing gap between plumes is caused in part by the decreased plume direction angle.
Uniform upward motion period. Schlieren imaging shows that the jet vapor head penetrates to 23 mm by 400 ms ASI, 17 beyond the PIV and DBI measurement domains. The DBI imaging shows the liquid extinction is not as severe downstream, indicating substantial vaporization, but there is still significant liquid along a line of sight at the extend of the PIV measurement domain. The presence of these plumes creates diagnostic challenges for PIV processing. As mentioned above, the out-of-plane liquid mist can be mistakenly processed for particle movement, but an additional challenge is that the scatter from seed particles on the PIV measurement plane is greatly attenuated by extinction from the liquid plume blocking much of the light going back to the camera and making the collected signal from legitimate particles quite faint. But the special processing routine adequately overcomes these challenges by accounting for mist removal and multiple PIV realizations from the sliding sum of correlations routine. Indeed, analysis of raw images shows that the seed particles are moving upward toward the injector, whereas the plume mist is moving downward as expected. The processing routines correctly render the in-plane velocities as moving upward, despite the plume mist interference. In fact, the velocities are quite uniform across the 24 to + 4 mm radial positions.
The high-speed PIV data during this time show that the radial uniformity in flow velocity persists for approximately 400 ms. 25 In addition, Figure 7 shows that the velocities plateau as the recirculation zone persists from approximately 300 to 700 ms. During this period, the fuel continues to be injected and the head of the spray has moved downstream of the PIV measurement location.
Reversing period. Prior to the end of injection, the recirculation velocity field begins to weaken. Figure 7 shows that the recirculation velocity at the centerline begins to decelerate at approximately 700 ms. The centerline velocity eventually changes from negative axial flow to positive axial flow at approximately 1200 ms. Note that the change in velocity motion begins prior to the end of injection at 780 ms. Considering a delay between changes at the injector and the response of the flow field at the 15 mm position (e.g. 200 ms penetration time), it can be safely concluded that the velocity reversal is not due to a change in the rate of injection. While the injector begins to ramp down at 700 ms ASI (Figure 2 ), the ''reaction'' to injection ramp down at 15 mm requires additional time. As will be shown later, many operating conditions have a reversing period much earlier than the end of injection or the beginning of injection ramp down.
Velocity imaging between 800 and 1200 ms ASI shows connected/merged plume pairs on the left and right at + /24 mm, producing distinct jets with positive axial velocity. For a time, the centerline velocity remains negative, but the time-resolved imaging shows a progressively collapsing and shrinking central recirculation zone. The head-on Mie-scatter images also indicate connected/merged plumes at 800 ms, rather than separated plumes at earlier timings. The connection is especially strong between plumes 1 and 8, which are known to have a higher flow rate than the rest of the plumes. 17 The DBI image at 800 ms shows that the plumes have deviated from the drill angle, moving inward and occupying more space between the drill angle depicted with the dashed blue lines. Displayed over the full range of transmission at 800 ms ASI, it is somewhat difficult to see that there is DBI light attenuation at the center, indicating liquid droplets from the edges of the plumes cause extinction along a line of sight. However, when the DBI image is displayed over a transmission range of 0.8-1.0 (at 1000 ms), the collapse of liquid plumes toward the center is highlighted. Figures 6 and 7 is the time ASI that the velocity on the centerline (at 15 mm downstream of the injector) changes direction and becomes positive, heading away from the injector. For the Spray G conditions, the reversal time is 1200 ms ASI, but this depends upon operating conditions. Also, if a shorter axial distance from the injector tip is selected, the reversal time is reduced.
Reversal time. Reversal time in
Plume consolidation. The reversal of the centerline velocity direction to positive values does not necessarily indicate spatial uniformity in axial velocity. Figure 6 at 1400 ms ASI shows that jets with velocities exceeding 10 m/s encompass the central region where there are weaker, but positive, axial velocities. Note that these fast-moving jets persist long after end of hydraulic injection (EOI) (800 ms) even when liquid-phase scatter is difficult to detect. These jets persist in the wake of liquid plumes that have moved downstream. The jets maintain strong momentum, and the high-speed movies show that they are very dynamic. Pockets of slowmoving gas at the centerline are accelerated, roll out of the way downstream, eventually leading to higher velocities at the centerline and plume consolidation. Although these processes occur after the end of injection for the standard Spray G condition, they are in fact very relevant to fuel delivery and flame propagation. For example, late-injection GDI typically relies on spark ignition after the end of injection for the most reliable combustion, but it is also a strategy that is highly susceptible to cycle-to-cycle variations related to this early flame development environment. 30 Time of full collapse. Defining a ''full collapse'' of a multi-plume spray is, by default, a vague task. The edges of different plume cones may touch each other, thus creating higher velocities at the cross-section, but still have two discrete velocity peaks. These crosssection peaks will likely deviate inward from the drilled vector of each plume, but still they will resemble two discrete plumes. In this work, full collapse is defined when the two plumes have created a single structure with a single velocity peak.
The set of images at 2000 ms ASI in Figure 6 are a good demonstration of full collapse. The DBI image sequence, presented with high contrast in lighting intensity, shows that there are some large (poorly atomized) droplets that dribble from the injector but the collapsed flow confines these droplets mainly to the axis of the injector (centerline). The PIV images now show higher velocities in the centerline and lower at the edges. Note that if a liquid droplet does enter the PIV plane, analysis shows that the slow-moving droplet closely follows the velocity of the seeded gas particles (i.e. velocity slip is negligible).
25
Spatial evolution of plume collapse While a characterization of the different phases of plume interaction summarized in Figure 7 for the centerline is useful, the variations with spatial position, and how those areas change with time, is needed to understand the transient multi-plume dynamics. In addition, including measurement positions outside of the central region and between plumes (see dashed rectangle in Figure 4 ) is beneficial. Continuing to focus on the 15-mm axial position, the ensemble-averaged axial and radial velocities for each cross-stream radial position are rendered in color and plotted as an ''image'' with time as the vertical axis ASI in Figure 8 . The horizontal axis is a radial profile that includes velocities from the centerline to the radial position of 12 mm. The experimental operating conditions for Figure 8 are the standard spray G conditions discussed above. For example, the temporal profile of the axial velocity displayed in Figure 7 would correspond to a vertical line at a radial position of 0 mm.
The central measurement region extends from r = 24 mm to the dashed vertical line at r = 4.5 mm, and the offset measurement region extends from the dashed line at r = 2 mm to r = 12 mm. In the overlapping region (r = 2.0-4.5 mm), the data from both datasets were averaged.
Color rendering in Figure 8 was chosen to make the different flow regimes easily distinguished. Bright yellow indicates regions of high velocity, while dark blue indicates the largest negative velocity, and recirculation toward the injector for the axial velocity. To make the transition from negative velocity to positive velocity stand out, zero velocity is denoted as white. By referencing the color diagram, the interaction between different spatial positions is now much easier to describe. For example, the stagnated gases (white) are initially drawn toward the injector (velocity is negative/dark blue) for all radial positions indicated, including the region between individual plumes 6 and 7. However, the recirculation zone is short-lived between plumes, breaking down by approximately 300 ms ASI at a radial position of 8 mm. The transition to positive axial velocity progressively moves from this outer radial position toward the centerline, indicating that plumes are merging and there is a shift in plume direction toward the centerline. Note that this movement occurs throughout injection and prior to the end of injection, indicating that the flow field and recirculation zones do not obtain a steady state, despite the fairly uniform recirculation velocity at the centerline for the period shown in Figure  7 . With the strong central recirculation zone established in the region between 24 and 4 mm, there is evidence that this is a low-pressure region that tends to pull the plumes toward the centerline.
A significant finding from the offset plane measurement data is that axial velocities exhibit a peak velocity with radial position, thereby indicating that the merged plume-pair radial location is captured within the offset plane. High-speed movies of the entire PIV plane including other axial positions confirm this finding. 25 For example, peak axial velocities are found at a radial position of 8 mm, which is also the position of earliest reversal time (300 ms), while at 10.5 mm, velocities are lower and the reversal time is later (about 500 ms). In these high-axial-velocity regions, the plumes have not entirely merged together, but rather, the region is an indication of a ''touching'' between the outside of each plume. Note that within this plume ''touching'' region, both droplets now contribute to the PIV signal during injection along with the zirconia seed signal, as discussed with respect to Figure 4 . More specifically, droplets are shown to contribute to the PIV signature from about 500 to 850 ms in the region from 7 to 9 mm. Overall, the data indicate that plumes do not interact during the early stage of injection, but they begin to merge relatively quickly during injection and completely coalesce on the centerline after the end of injection. The plume coalescence on the centerline long after injection is confirmed by mixing measurements performed by Itani et al. 19 at timings from 2700 to 3700 ms ASI.
In concert with the evolving axial velocity distribution, the radial velocity component plot at the bottom of Figure 8 shows regions that move away from the centerline in bright yellow and toward the centerline dark blue. At times close to the EOI, which is denoted by the horizontal solid black line, the individual plumes still carry enough momentum to keep moving away from the centerline. However, this radial velocity component quickly reverses direction as the plumes collapse into a single entity at the centerline. Similar to a single jet, which creates a mushroom-vortex-structure near its head, in the same way, the gasoline multi-plume spray, creates a negative radial velocity right after the individual plumes have collapsed into a single entity. The negative radial velocity region on the right of the right dotted line shows gas motion toward the centerline, which is initially very high in value due to the head vortex. The velocity is maintained after the passing of the head due to the air entrainment of the collapsed spray toward the centerline. The white borderline at zero radial velocity on the right shows a zone of gases continuously entrained toward the centerline, more consistent with the entrainment field for a single collapsed jet.
Understanding the plume movement dynamic with time is assisted by the measurement of plume direction from the liquid extinction images given in Figure 6 . If plumes continue straight in a direction based upon the drill angle of each hole (37°), the plume centers reach a radial position of 11 mm at the 15-mm axial position. But as the liquid DBI images indicate a plume direction closer to the centerline, a tighter radial position for the plume-pair contact is expected. At 800 ms ASI, the measured 30°plume direction for the DBI imaging corresponds to a 9 mm radial position at 15 mm axial position, which corresponds well to the high-velocity region of merging plumes in the axial velocity shown in Figure 8 . While a deflection in plume direction toward the centerline is clear, another factor for consideration is that the velocity distribution about the plume center is not expected to be perfectly circular. At the position of plume-plume contact, there may be asymmetry in velocity toward a different radial position, meaning that the position of peak velocity or mixture fraction in the plume may be at a different radial position that at the contact point between plumes. Nevertheless, the corroboration from the liquid extinction imaging confirms that the plume center has shifted significantly toward the centerline.
Effect of ambient gas temperature
To assess the effect of ambient gas temperature, only the ambient temperature is varied while holding all other conditions constant, including ambient gas density. Ambient gas density, rather than pressure, is held constant because experience shows that ambient density is the parameter to be held constant if mixing distributions and penetration are preserved, based upon single-plume spray studies. 8 Ensemble-averaged axial velocity records given in Figure 9 for the centerline, 15-mm axial position indicate that the ambient temperature substantially modifies the flow field, with a tendency for earlier reversal of the central recirculation zone with increasing temperature. The high-temperature conditions have a momentary period of recirculation, but it is short-lived and never has a period of steady recirculation.
The magnitude of the highest recirculation velocity is also less, as shown in Table 2 , which documents this recirculation velocity for other temperatures and pressures. The result of this fast flow reversal, indicative of a quicker plume interaction and spray collapse, is that the axial velocity is much higher at the centerline during the period of time approaching EOI and after EOI. At 1000 ms, the 573-K condition has negative, recirculation velocities while the 1000-K condition has positive velocities in the spray direction at 30 m/s.
Understanding the massive change in flow field with ambient temperature variation is assisted by considering the liquid extinction images and ensemble-averaged radial profiles of velocity at specific times during the injection as shown in Figure 10 .
The Mie-scatter and liquid extinction images shown in Figure 10 show significantly less liquid penetration at high temperature, a result that is expected considering the enhanced evaporation when mixing with hot gases.
Indeed, if saturated adiabatic mixing is considered as an estimate for the liquid boundary, 9 the saturated mixture fraction corresponding to the 473-K condition is 0.30, compared to 0.61 for the 1000-K condition. In other words, complete evaporation is expected to happen at much more fuel-rich conditions at elevated temperature. Considering the distribution of fuel within an isolated plume, one would expect less axial liquid penetration at high temperature, as observed in Figure 10 , but in addition, the radial extent of liquid penetration would also be expected to contract. Following this logic, in a multi-plume scenario (where each plume maintains the same direction), one would expect greater separation between liquid portions of the plume at high temperature. However, examination of the head-on Mie-scatter imaging in Figure 10 shows quite the opposite result. The 473-K condition shows clear breaks between plumes during injection, but the 1000-K condition shows only a weak separation between plumes at 500 ms ASI that appears to break down even further by 700 ms ASI near the injector tip. The DBI images confirm this result. Because of the rapid vaporization at 1000 K, it was not possible to evaluate a plume direction at 15 mm using DBI, but the upstream plume separation is clearly much narrower compared to the drill angle reference. This shows that liquid plumes in the 1000-K case have not maintained the same plume direction as the 473-K condition, but rather have collapsed more to the centerline.
Although liquid plumes are clearly moving toward the centerline with increasing temperature, the rapid vaporization does not necessarily result in more liquid at the centerline, 15 mm position. A quantitative check of this behavior is made considering the measured transmittance from liquid extinction imaging, or I=I o , on the centerline at 15 mm downstream. Figure 11 presents the transmittance for many ambient gas temperatures while holding the ambient density constant at 3.5 kg/m 3 . With the inclination for a smaller liquid boundary discussed above, the transmittance increases monotonically with increasing ambient temperature. Another incidental point from Figure 11 is that the baseline, 573-K, Spray G condition experiences 10% transmission loss to scatter from droplets. Other conditions have decreased transmission as well, but the problem of scatter from liquid droplets is less significant at 800 K or higher. This scattered light irradiates off-plane plumes that can be captured by the PIV camera, as discussed with respect to Figures 4 and 6 . The radial distributions of the axial velocity component are provided at specific times in Figure 10 , and in the color diagram for the 800-K condition in Figure 12 (compare to Figure 8 at 573 K) illustrate the collapsing plume dynamics in terms of quantitative velocity. Note at this higher ambient temperature, the scattered signal from droplets in this high-velocity region at 8 mm is so weak that droplets are difficult to identify and they contribute little to the PIV measurement. While the low-ambient temperature conditions maintain a broad zone of recirculation velocities, highvelocity plumes quickly encroach upon this zone at high ambient temperature. For example, at 700 ms ASI and for the 1000-K condition ( Figure 10 , second row), the axial velocities at the centerline are already positive and two distinct peaks in velocity appear close to the centerline at the 24 and + 4 mm radial positions indicating approaching plumes from the left and right. In contrast for the 573-K condition at the same timing, central recirculation velocities are quite intense and a high-velocity plume appears at larger radial positions of 9 mm. As time progresses, complete collapse and merging of plumes into a single velocity peak occur for the high-temperature conditions. By 1300 ms, the 800-K and 1000-K conditions show one jet with a single velocity peak, while at 573-K conditions two peaks remain unmerged even though the centerline velocity is now positive. In summary, plumes for the high-temperature conditions appear to follow the same pathway of collapse, but with faster progression of these steps compared to the lower-temperature conditions.
The rate of plume collapse to the centerline modifies the velocity field significantly. As discussed in Itani et al. 19 for this same fuel injector but at other operating conditions, when plume collapse occurs during injection, the large axial momentum of what eventually becomes a single jet, affects downstream mixing significantly. Mixing with ambient gas shuts off between plumes and the overall mixture of the jet becomes more fuel rich. The strong axial jet for the 800-K condition is depicted clearly in the yellow zone of the axial velocity plot of Figure 12 . But the radial velocity map of the 800-K condition is also much different compared to the 573-K condition (Figure 8 ). Note that the radial velocity is higher in magnitude after the end of injection for the 800-K condition, and the zero radial velocity white line moves all of the way to the centerline. While for the 573-K condition, this line remains at about 5 mm, showing that a weak jet persists. High-speed DBI and PIV movies available online 25 are helpful for visualization of this effect. The overall phenomenon is consistent with a strong main jet at high-temperature conditions. As mentioned in the introduction, the velocity and mixing behavior at the end of injection are of particular interest because this is the time when ignition and flame propagation typically take place.
Effect of ambient gas density
The effect of ambient gas density on plume aerodynamics is shown in Figure 13 for the 15-mm, centerline position. Results at different densities are compared at low and high ambient gas temperatures. The immediate observation is that as the ambient density increases, the central recirculation zone becomes non-existent and the spray collapses. From single-plume studies, it is well known that when a spray is injected into a more dense environment, there is rapid momentum exchange and reduction in penetration rate. This effect is noticeable in this multi-plume study as well, as shown in highspeed DBI movies online. 25 The enhanced momentum exchange of the emerging plumes appears to be effective at attracting fuel jets together and eliminating central recirculation, and there appears to be an ambient density threshold where spray collapse of the injector is imminent. A doubling of the ambient density from 3.5 to 7 kg/m 3 effectively prevents recirculation at the center, and there is little difference between the 7 and 9 kg/m 3 conditions. The velocity data show similar initial axial velocity profiles, especially at 573 K, and all indicate almost negligible recirculation. Meanwhile, increases in ambient temperature accelerate the plume collapse, ultimately producing faster axial velocities than that at low-ambient temperature.
Visualization of liquid extinction very clearly illustrates the collapsing jet, as demonstrated in Figure 14 for the ambient density of 3.5 and 9.0 kg/m 3 for the ambient temperature of 573 K. At higher ambient density, the plumes cluster together by 500 ms ASI and the liquid penetration of each plume is curtailed. Images after EOI at 900 ms ASI show that all plumes have essentially collapsed into a single spray cluster. This behavior is even more obvious at 1100 ms ASI.
A plot of the temporal evolution of the radial distribution of the velocity components is shown in Figure 15 . For the 7 kg/m 3 condition case, evidence shows complete collapse and the behavior of a single merged jet as discussed previously. The arrival of the high-velocity region to the 15 mm position is slowed because of the higher ambient density, although the accelerated collapse at high ambient temperature delivers high-velocity gases to the centerline earlier at 800 K. The radial velocity history depicts strong recirculation behind the mushroom-shaped head vortex, also depicted nicely in high-speed movies available for this condition. 25 The combination of Figures 14 and 15 clearly shows that the ambient gas density has a significant effect on the evolution of the fuel distribution, which could impact the ignition process and subsequent combustion.
Conceptual model of plume interaction and collapse
The time-resolved velocity data in inter-plume regions, including liquid visualization from multiple perspectives and results at different ambient temperatures and pressures, provide a new opportunity to summarize key factors important to plume interaction. Thus far, presented results have focused on velocity data at a particular axial location, but the plume interaction phenomenon is inherently three dimensional and transient. In this section, additional concepts are extracted from the experimental results as a whole, with velocities and line-of-sight data considered in three dimensions.
Overall, the behavior observed for the gasoline multi-hole spray during collapse is presented conceptually in Figure 16 . The top row shows a threedimensional rendering of plumes attracting to one another and then finally collapsing into a single entity. The bottom row shows the same effect on a plane between plumes, with arrows showing qualitatively how the inter-plume aerodynamics affect and cause the spray collapse. The first column shows a central recirculation zone, as well as axial recirculation between plumes.
Presented results have shown that the presence or lack of a central recirculation zone plays a key role in plume interaction. While past experimental studies have shown central recirculation exists in multi-plume GDI fuel injectors, 21 this study is the first to comprehensively quantify the recirculation velocity with respect to time and operating conditions. The value of these data is highlighted by the fact that past CFD predictions of central recirculation with multi-plume GDI fuel injectors have shown high sensitivity to nozzle geometry and spray modeling parameters. 31, 32 The central recirculation zone is an indication of a low-pressure zone that has the potential to attract emerging plumes and promote plume interaction close to the injector tip. Even prior to plume interaction, the low-pressure zone has the effect of pulling ambient gases toward the centerline between plumes. For example, consider the axial and radial velocity profiles given in Figures 8 and 12 . The planar velocity data show that at the time of plume arrival at 15 mm (approximately 200 ms ASI), there is plume separation and axial recirculation velocity between plumes (at a radial position near 8 mm). While the plumes remain separated, the radial velocity is negative in this region, indicating that ambient gas is actually entrained between plumes toward the centerline. In some cases, this entrainment pattern may serve to equilibrate pressure and sustain the recirculation zone without spray collapse, at least for a time.
However, the typical result for the Spray G injector is for the plume direction to move toward the centerline in response to the low-pressure zone, such that neighboring plumes make contact, as illustrated in the center diagram of Figure 16 . For the conditions of Figures 8  and 12 , the plume pairs quickly merge together by approximately 500 ms ASI. At this point, the touching plumes create a barrier for the air trying to penetrate toward the spray centerline from the periphery of the spray and passing radially through the neighboring plumes region. 32 Therefore, the pressure difference between the outside of the plumes and inner recirculation zone is exacerbated, feeding back to accelerate plume interaction with increased time ASI. As the intensity of interaction increases, the plume direction shifts toward the centerline and there is evidence of increased interaction even near the injector tip. For example, the head-on Mie measurement of Figure 10 for the 1000 K case shows interaction of neighboring plumes shortly after the beginning of injection right at the injector tip. With avenues for entrained ambient gas shut off, and the plumes quickly merging toward the center, the recirculation zone created downstream eventually ceases. At high ambient temperatures and densities, the plume interaction may be so rapid/complete that the downstream recirculation zone barely exists (see Figure 13) .
After plume interaction occurs and entrainment between plumes is shut off, there is no evidence that the demand for entrainment of more ambient gas by the emerging plumes can be satisfied indefinitely by only a central recirculation zone. As a result, the plume direction is drawn toward the centerline as time progresses. This effect is illustrated by the high-speed DBI extinction images (using plume pairs 3-6 and 2-7 plume), analyzed with respect to time ASI to create an ensembleaveraged plume direction angle with respect to the injector axis as shown in Figure 17 . As shown in the DBI images above (Figures 6, 10, and 14) , the plume direction angle is less than the 37°drill angle. The plume direction continues to decrease with time, and as discussed previously, the downward slope increases at higher ambient gas temperature. Because of the decreasing plume direction, it is clear that the timing and extent of plume interaction is inherently transient. If injection continues, there is likely to be more plume interaction. Or if the plume interaction dynamics are accelerated, as is the case at high ambient gas temperature, a larger portion of the fuel will be redirected toward the centerline during a given injection event.
These dynamics are consistent with the explanations offered by Itani et al. 19 Although the timing may be different for a given condition, possibly occurring after the end of injection, the plume interaction continues until moving toward the last column of Figure 16 , where all the plumes have merged into a single entity on the spray centerline. In this phase, the spray resembles more of a single jet entrainment field rather than a multi-plume spray.
One of the major contributions of this study is the observation that ambient gas temperature plays a strong role in promoting plume interaction. Considering the conceptual model description provided here, it appears that increased evaporation for individual plumes creates enhanced air entrainment and momentum exchange sufficient to accelerate plume interaction. Reasons for this enhanced momentum exchange with evaporation have been documented by Bajaj et al. 33 for diesel sprays, but additional exploration is needed for multi-hole sprays applicable to gasoline conditions.
Summary and conclusion
High-speed velocity measurements were applied between plumes of a multi-hole gasoline fuel injector at Spray G conditions of the ECN (an eight-hole injector with 37°drill angle), as well as other engine-like conditions. The velocity measurements were supported by high-speed liquid extinction imaging measurements and head-on Mie scattering. Results of this study are as follows:
At standard Spray G conditions, a central recirculation zone is initially established between plumes, even prior to the time of plume arrival. The magnitude of the recirculation zone, its breakdown and eventual reversal, and the collapse of neighboring plumes are resolved in time, even for individual injection events. This work is the first comprehensive documentation of the central recirculation region in multi-plume gasoline direct-injection systems.
The central recirculation zone collapse, and reduction in plume direction angle relative to the injector axis and hole drill angle, is accelerated with increased ambient temperature. Measurements show increased plume interaction and contact between plumes, which shifts fuel delivery and high-velocity regions toward the center of the fuel spray particularly near the end of injection. The mechanism for the temperature effect appears to be enhanced evaporation and momentum transport between the ambient gas and the emerging plumes. Based upon the parametric study of the ambient conditions and the different experimental techniques, a conceptual model was proposed for the process of plume interaction and eventual collapse. Early stages of injection provide momentum to initiate a flow of ambient gas entrainment into the individual plumes, which is combined to establish recirculation zones between plumes or within the central region between plumes. Ambient gas is drawn axially from the bottom of the spray, but also radially in between neighboring plumes. Once the neighboring plumes start interacting, the gap between plumes closes. Plume direction angle relative to the injector axis continues to decrease with time, indicating that a collapse of the spray is imminent.
The quantitative, time-resolved velocity data provided in this study, as well as the existing dataset for ECN Spray G, offer a new opportunity for CFD model validation, particularly exercising models over a wide range of temperatures and pressures. Figure 17 . Ensemble-averaged plume direction angle relative to the injector axis as a function of ambient gas temperature.
